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Abstract 
High pressure chemistry is known to inspire the creation of unexpected new classes of compounds with 
exceptional properties. Here we employ laser-heated diamond anvil cell technique for synthesis of a Dirac 
material, BeN4. A triclinic phase of beryllium tetranitride tr-BeN4 was synthesized from elements at ~85 
GPa. Upon decompression to ambient conditions, it transforms into a compound with atomic-thick BeN4 
layers interconnected via weak van der Waals bonds consisting of polyacetylene-like nitrogen chains with 
conjugated π-systems and Be atoms in square-planar coordination. Theoretical calculations for a single 
BeN4 layer show that its electronic lattice is described by a slightly distorted honeycomb structure 
reminiscent of the graphene lattice and the presence of Dirac points in the electronic band structure at the 
Fermi level. The BeN4 layer, i.e. beryllonitrene, represents a qualitatively new class of 2D materials that 
can be built of a metal atom and polymeric nitrogen chains and host anisotropic Dirac fermions.  
 
The use of non-conventional methods of materials synthesis or established synthesis techniques in 
a non-trivial way may lead to breakthrough discoveries that revolutionize many research fields. One of 
the most striking examples is graphene. It was considered as an interesting two-dimensional (2D) model, 
though predominantly theoretical, before high quality graphitic films were derived by Novoselov et al. by 
mechanical exfoliation of small mesas of highly oriented pyrolytic graphite using adhesive tape [1]. 
Graphene is a material with gapless Dirac cones near the Fermi level with a linear energy-momentum 
dispersion near the Dirac points, and exhibiting ultrahigh carrier mobility. While the Dirac cones in 
graphene and many other 2D compounds are isotropic, their anisotropy could result in anisotropic carrier 
mobility, making it possible to realize direction-dependent quantum devices and motivating intense search 
for materials systems hosting the anisotropic Dirac cones. Experimental evidences of anisotropic Dirac 
fermions have been reported in bulk stoichiometric PtTe2 single crystal [2] and in 2D material 
borophene [3]. However, the Dirac point in these materials is far from the Fermi energy. A cone with its 
apex located near the Fermi level has been observed in BaFe2As2  [4], though the anisotropy was weak. 
There were theoretical predictions for the organic conductor α-(BEDT-TTF)2I3 at high pressure [5] and a 
B2S honeycomb monolayer [6]. There are proposals to achieve desired anisotropy using mechanical stress, 
external periodic potentials, heterostructures, or by a strong laser field [5–11]. However, experimental 
realization of a material hosting strongly anisotropic Dirac fermions at the Fermi energy is limited to a 
few examples [12,13] and calls for novel synthetic approaches. 
The simplest design route of novel 2D materials is based on the substitution of elements in a known 
2D material with its neighboring elements in the periodic table, for example the replacement of the carbon 
atom in graphene by boron and nitrogen leads to h-BN. Even more structural diversity and possible 
anisotropy may be achieved by considering the second-order neighbors, e.g. the hypothetical compound 
BeN2 would have the same number of valence electrons as graphene but is intrinsically anisotropic in 
nature. The search of new 2D materials commonly starts with selecting of a known 3D precursor phase, 
most often thermodynamically stable or very long-lived metastable at ambient conditions, typically with 
a layered crystal structure with hexagonal motives. Such precursors are not currently available for the Be-
N system, although, several compounds in the Be-N system were explored theoretically as potential 2D 
materials [14–16].  
Nitrides possess the largest thermodynamic scale of metastability in terms of the energy 
differences between stable and metastable structures (~190 meV/atom), which may allow the kinetic 
stabilization of potentially useful compounds  [17]. The synthesis of nitrogen-rich compounds is 
complicated by the great stability of the dinitrogen molecule N2: the nitrides tend to decompose at 
relatively low temperatures, that may be below the temperatures that are required for the synthesis. One 
way to overcome this problem is to use the high-pressure conditions  [18–21]. Furthermore, high-pressure 
is a useful tool to affect the bonding types, coordination environments and physical properties of 
compounds, which may lead to completely unexpected results. For example, beryllium, known to be 
tetrahedrally coordinated in inorganic compounds, was recently reported to incrementally change its 
coordination number from four to six in the crystal structure of CaBe2P2O8 under compression  [22]. Thus, 
potentially, the high-pressure synthesis of a beryllium nitride with octahedrally coordinated Be may 
provide room for unexpected structural changes on decompression. In this Letter we report the exploration 
of this pathway through the investigation of beryllium polynitrides.  
High-pressure high-temperature chemical reactions in the Be-N system were studied in laser-
heated diamond anvil cells (LHDACs) using synchrotron powder and single-crystal X-ray diffraction 
(Methods, Table S1 [23]).  The experiments led to a synthesis of several Be polynitrides (Fig. 1, S1, S2, 
Table S2 [23]). In particular, at 84 GPa and ~2000 K, laser-heating of Be and N2 resulted in the synthesis 
of a compound with the chemical composition BeN4 and a triclinic structure, further referred to as tr-
BeN4. The full crystallographic information for this compound is given in the Table S3 [23]. The Be atom 
is coordinated by six nitrogen atoms forming an elongated octahedron. The covalently bonded nitrogen 
atoms form infinite zigzag chains running along the [001] direction (Fig. 1a). If viewed along the [001] 
direction (Fig. 1e), the structure can be understood as consisting of slightly corrugated BeN4 layers, 
interconnected with each other by long Be-N bonds (~1.83 Å). The tr-BeN4 is isostructural with the FeN4 
compound, which was previously synthesized at ~106 GPa from Fe and N2 [24,25]. The metal-nitrogen 
bonds in BeN4 have a slightly more ionic character than in FeN4, which leads to a more uniform electron 
distribution within the polymeric chains (Fig. S3 [23]).  
 
 
Fig. 1. Crystal structure of tr-BeN4 at 84 GPa. (a) The view along the [100] direction; (b) coordination 
of a Be atom by one of the polymeric nitrogen chains. (c) BeN6 octahedron with Be-N distances given in 
Å. (d) Coordination geometry of the nitrogen chain. (e) Scheme showing the transformation of tr-BeN4 
upon decompression. (f) Single layer of BeN4 at ambient pressure. (g) Stacking sequence of polymeric 
nitrogen chains belonging to neighboring layers of tr-BeN4 at ambient pressure; viewing direction is 
perpendicular to the layer. Beryllium and nitrogen atoms are represented as grey and blue spheres, 
respectively. 
 
Theoretical calculations of the structural properties of tr-BeN4 in a framework of density functional theory 
showed an excellent agreement between the theory and experiment for the lattice parameters, both at the 
synthesis pressure and on decompression (Fig. S4 [23]). Moreover, the structure is dynamically stable as 
indicated by the absence of the imaginary frequencies in the phonon dispersion calculations (Fig. S5 [23]). 
According to our calculated convex-hull diagram (Fig. S6 [23]) tr-BeN4 remains thermodynamically 
stable down to at least 40 GPa and enters the metastability region upon further decompression.  
On decompression the tr-BeN4 produced excellent single-crystal diffraction patterns down to ~60 
GPa, but at lower pressures the crystal quality started to deteriorate. Since the theoretical model perfectly 
matches the experimental structure at high pressures and the evolution of the strongest and well-separated 
(010) reflection well agrees with that suggested theoretically (Fig. S4d [23]), the evolution of the structure 
below 60 GPa was tracked by powder XRD and compared with the results of calculations. The weakening 
of the diffraction signal and the significant overlapping of the strongest reflections of tr-BeN4 with those 
of ε-N2 upon pressure decrease prevented us from unambiguous refinement of all six unit cell parameters 
at 20 and 34 GPa. However, the refinement was successfully made at ambient pressure (Figs. S4, S7  [23]) 
after the DAC was fully decompressed and nitrogen released. The decompressed sample of tr-BeN4 is a 
highly textured powder and it contains α-Be3N2, which was not observed at higher pressures. Therefore, 
we conclude that at ambient conditions tr-BeN4 slowly decomposes into α-Be3N2 but could potentially be 
completely kinetically stabilized at slightly lower temperature or by keeping the sample in a nitrogen 
atmosphere. No evidence of amorphous products (e.g. liquid nitrogen) in the diffraction pattern show that 
nitrogen was completely released from the DAC and the sample was already in contact with atmosphere. 
The structural evolution of tr-BeN4 on decompression involves breaking of two longer Be-N bonds 
in the BeN6 octahedra which leads to a change of the coordination of the Be atom from octahedral to 
square planar. Consequently, all nitrogen atoms become sp2-hybridised and form infinite planar 
polyacetylene-like chains (Fig. 2 and Movie S1 [23]). The process of rearrangement becomes apparent 
below 50 GPa, as it can be judged from the interplanar distance (Fig. S4 [23]). The evolution of the 
structure to the layered motif, which is dynamically stable at ambient pressure (Fig. S5b [23]), is 
accompanied by a significant depletion of the electron density between the layers (Fig. 2 and Movie 
S1 [23]). The topological data analysis (see Methods [23]) confirms that the charge density value 
corresponding to the layers’ separation decreases with decreasing pressure. Thus, the BeN4 layers are 
more weakly connected at ambient pressure than at high pressure, indicating the formation of a van der 
Waals-bonded solid, as confirmed by our theoretical analysis of the interlayer bonding in tr-BeN4 and the 
exfoliation energy at ambient pressure (see Methods [23]).  
Electronic structure calculations (Fig. S8 [23]) show that both the high pressure and the ambient 
pressure modifications of tr-BeN4 are metallic. The calculated electron density maps and electron 
localization functions at a pressure of P ~ 85 GPa (Fig. S9 [23]) indicate a non-uniform distribution of 
electron density between the nitrogen atoms of the chains, in agreement with the crystal-chemical analysis 
(Fig. S3 [23]). During decompression, the electron density and interatomic distances become almost the 
same between all the atoms of the nitrogen chains, and the chains become planar (Fig. S9 [23]). Similar 
planar polyacetylene-like nitrogen chains with conjugated π-systems were recently observed in a series of 
metal-inorganic frameworks Hf4N22, WN10, ReN10, Os5N34  [26,27] and MgN4  [28].  
The high-pressure synthesis is a well-established path for the discovery of novel materials. A 
normal high-pressure synthesis route includes pressurizing and heating in the stability field of a new 
compound followed by its recovery to ambient pressure, hoping to preserve the material’s interesting 
properties [29,30]. In this respect tr-BeN4 is an exciting exception, as its layered ambient-pressure 
modification obtained upon decompression appears to possess even more intriguing properties than one 
could expect from the high pressure one. Its bulk electronic structure is modified in a remarkable fashion 
upon the decompression: one can clearly see the development of a pronounced pseudogap at the Fermi 
energy in tr-BeN4 at low pressure. A closer examination of the bulk band structure and the Fermi surface 
(Fig. S8, Movie S2  [23]) allows us to conclude that there are two nodal points in the Brillouin zone (BZ) 
of tr-BeN4 located at the Fermi energy. Given that both time-reversal and inversion symmetry are 
preserved, the two points are four-fold degenerate, indicating that they correspond to the Dirac points. The 
breaking of the inversion symmetry would split each of these points into Weyl points [31]. Though the 
electronic DOS in bulk tr-BeN4 is finite, it originates from the well-defined Fermi surface pockets 
(electron and hole). Going from 3D to 2D, those pockets vanish, leaving only the Dirac points in the whole 
BZ. This makes the layered modification of tr-BeN4 obtained upon decompression a precursor for a new 
anisotropic 2D Dirac material, the beryllonitrene. Our estimation of the exfoliation energy of the single 
monolayer for tr-BeN4 (see Methods [23]) indicates that it is indeed possible. 
  
 
Fig. 2. Evolution of the crystal structure and the charge density of tr-BeN4 upon decompression from 
the synthesis pressure to ambient. At the synthesis pressure, Be and N atoms form corrugated nets and 
the Be atoms (green) are octahedrally coordinated by six N atoms (blue) (left figure). Upon 
decompression, below about 50 GPa, the structure relaxes in such a way that the corrugated nets of Be 
and N atoms flatten, their increasing mutual separation reduces the coordination number of Be atoms to 
4, thus turning the structure motif to layered (right figure). The grey planes between the layers indicate 
the position of the charge density slice and visualize the depletion of the charge density between two layers 
of tr-BeN4 at zero pressure relative to that at synthesis pressure. Topological data analysis of the charge 
density (see Methods, Figs. S10-S11  [23]) confirms a stronger interaction within layers and weaker 
interaction between layers as the pressure is decreased. Experimental lattice parameters for tr-BeN4 at 1 
bar: a = 3.275(2), b = 4.212(2), c = 3.704(2) Å, α = 103.43(3), β = 105.61(4), γ = 111.86(4)º, V = 42.4 Å3. 
Optimized atomic positions: Be (0.5 0 0), N1 (0.1592 0.66170 0.5144), N2 (0.15840 0.6630 0.14780).  
 
The main interest in fundamental studies and potential applications of 2D materials is related to 
their peculiar electronic properties. Therefore, we now turn to the electronic structure of the beryllonitrene. 
The optimized crystal structure of single-layer BeN4 is shown in Fig. 3(a). It belongs to the oblique crystal 
system (the two-dimensional space group p2). The corresponding electronic band structure and density of 
states (DOS) are shown in Fig. 3(b). One can see that unlike bulk tr-BeN4, the beryllonitrene is a Dirac 
semimetal with linear dispersion in the vicinity of the Fermi energy and two Dirac points coinciding with 
the Fermi energy, similar to graphene. Around the Fermi energy, electron and hole states are essentially 
symmetric over an energy range of roughly 2 eV. It is this property rather than the conical point itself 
which opens a way to deep relations to high energy physics within its symmetry between particles and 
antiparticles [32]. Unlike graphene, the Dirac points are not located at the corners of the BZ, but rather 
along the Γ-A direction (Σ point) as shown in the inset of Fig. 3(b). This can be attributed to a lower 
symmetry of the BeN4 lattice compared to graphene. Indeed, one can see that the dispersion is different 
along the Σ-Γ and Σ-A directions, demonstrating a pronounced anisotropy of the band structure even in 
the long-wavelength limit.  
 
 
Fig. 3. Electronic structure of the beryllonitrene(a) Effective electronic lattice (green) superimposed 
onto the real-space crystal structure of single-layer BeN4 (a). Green balls centered on the N-N bond 
correspond to the wave functions shown on the right side. Fourfold-coordinated gray balls depict Be 
atoms, dirty-blue three-fold coordinated balls correspond to N atoms. Arrows denote two main interaction 
parameters defined in terms of a tight-binding Hamiltonian. (b) Electronic band structure and the density 
of states calculated using DFT (red) and the electronic lattice model (blue) shown in (a). The inset shows 
the Brillouin zone with the high-symmetry points, as well as the Fermi surface corresponding to the Fermi 
energy of -0.5 eV 
 
From the calculated band structure one can immediately estimate the carrier velocities in single-
layer BeN4 as 𝑣𝑣(𝒌𝒌) = 1ℏ
∂E(𝐤𝐤)
∂𝐤𝐤
. Along the Σ-Γ direction, we find the Fermi velocity to be vy = 0.8×106 m/s, 
which is 1.3 times smaller than the Fermi velocity in graphene  [33,34]. Along the Σ-A direction, the Fermi 
velocity is essentially smaller (vx = 0.3×106 m/s). At small charge doping the Fermi surface is elliptical 
with the dispersion given by 𝐸𝐸(𝒌𝒌) = ℏ�𝑣𝑣𝑥𝑥2𝑘𝑘𝑥𝑥2 + 𝑣𝑣𝑦𝑦2𝑘𝑘𝑦𝑦2�
1/2
. The anisotropy of the Fermi velocities is also 
reflected in the Fermi surface shown in the inset of Fig. 3(b). At sufficiently high doping, the Fermi surface 
is not elliptical, but is represented by two oppositely oriented semi-circles. It is worth noting that in this 
case the Fermi surface is perfectly nested by the wave vectors connecting two parallel parts of the two 
Fermi surface pockets. Therefore, the intervalley scattering in doped single-layer BeN4 is expected to be 
strongly anisotropic.  
To gain more insights into the physics of beryllonitrene, we construct a minimal lattice electronic 
model which describes its band structure (see Methods [23]). The corresponding “effective lattice” 
(electronic structure model) is shown in Fig. 3(a) superimposed onto the real-space crystal structure. It is 
described by a slightly distorted honeycomb net reminiscent to that of graphene. Each node of the 
honeycomb net is located at the center of the N-N bond. The model allows us to assess the relevance of 
screening effects in single-layer BeN4. Calculations show (see Methods  [23]) that at small wave vectors 
static dielectric function ε ≈ 8 is notably larger compared to graphene (3.5), suggesting that the screening 
effects are more pronounced in berillonitrene. Another essential difference with graphene is the existence 
of van Hove singularities close enough to the Fermi energy (the separation is about 0.5 eV, contrary to 
approximately 2 eV in graphene). One can assume that this van Hove singularity is available by a 
reasonable doping; the Fermi energy shift by 0.5 eV is relatively easily reachable in graphene by chemical 
doping [35]. Recently, even much higher shift, about 2 eV, was reached in graphene by Gd 
intercalation [36]. In 2D systems with a Fermi energy close enough to the van Hove singularity one can 
expect the formation of flat bands and strong Fermi surface nesting. Due to many-body effects, this may 
result in all kind of correlation-induced instabilities (see Ref.  [37] and refs. therein), including, e.g., the 
emergence of superconducting or magnetic phases [38] as well as charge- or spin-density waves  [39]. 
To conclude, applying high-pressure synthesis followed by decompression to ambient conditions, 
we have synthesized new layered material, BeN4. Van der Waals bonds between its layers and presence 
of anisotropic Dirac cones in its electronic structure show that 2D BeN4, “beryllonitrene”, has unique 
properties. Indeed, the high degree of electron-hole symmetry makes the 2D BeN4 system similar, in some 
respect, to the world of high-energy particles with its symmetry between particles and antiparticles. 
However, contrary to the “true” Universe, which is isotropic, the massless Dirac fermions in the 
beryllonitrene are essentially anisotropic (see Methods  [23]). This opens a door into the whole new world 
and the question arises on modification of “conventional” quantum relativistic effects such as 
Zitterbewegung, chiral tunneling, relativistic collapse at supercritical charges etc. [32] for the anisotropic 
massless fermions. We demonstrate the experimental realization of tr-BeN4 in a diamond anvil cell and 
believe that further experiments aiming to control the quantity of the material or the crystallite size will 
allow the experimental realization of 2D beryllonitrene. Due to the relatively low nitrogen content in BeN4 
it potentially could be synthesized from beryllium azide Be(N3)2, which would not require a direct reaction 
between beryllium and nitrogen.  
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Methods 
Synthesis 
In every experiment the Be metal was placed in the sample chamber of a BX90 diamond anvil cell 
equipped with Boehler-Almax type diamonds (Re gasket, 120-250 µm culet diameter). The DACs were 
loaded with molecular nitrogen which served as a pressure-transmitting medium and as a reagent. The 
DACs were compressed up to the target pressures and heated with the double-sided laser-heating systems 
of the P02.2 (Petra III, DESY, Hamburg, Germany) and 13IDD (APS, Argonne, USA) beamlines. The 
summary of the heating experiments is shown in the Table S1. 
X-ray diffraction 
XRD measurements were performed at the beamlines P02.2 beamline of Petra III (DESY, 
Hamburg, Germany, λ = 0.2891 Å, 2×2 µm2 focusing, Perkin Elmer XRD1621 detector), the 13IDD 
beamline (APS, Argonne, USA, λ = 0.2952 Å, 3×3 µm2, CdTe Pilatus 1M detector ) , the 16-IDB beamline 
(APS, Argonne, USA, λ =  0.34453 Å, 3×3 µm2, Pilatus 1M detector) and the ID15B (ESRF, Grenoble, 
France, λ = 0.4117 Å, 10×10 µm2, MAR555 flat panel detector). For the single-crystal XRD 
measurements, the samples were rotated around a vertical ω-axis in the ±35° range. The diffraction images 
were collected with an angular step Δω = 0.5° and an exposure time of 5s or 10s/frame. For the analysis 
of the single-crystal diffraction data (indexing, data integration, frame scaling and absorption correction) 
we used the CrysAlisPro software package. To calibrate an instrumental model in the CrysAlisPro 
software, i.e., the sample-to-detector distance, detector’s origin, offsets of goniometer angles, and rotation 
of both X-ray beam and the detector around the instrument axis, we used a single crystal of orthoenstatite 
((Mg1.93Fe0.06)(Si1.93, Al0.06)O6, Pbca space group, a = 8.8117(2), b = 5.18320(10), and c = 18.2391(3) Å). 
Powder diffraction measurements were performed either without sample rotation (still images) or upon 
continuous rotation in the ±20°ω range. The images were integrated to powder patterns with the DIOPTAS 
software [1]. Le-Bail fits of the diffraction patterns were performed with the Jana2006 and Topas 4.2 
software packages [2]. The structures were solved with the ShelXT structure solution program [3] using 
intrinsic phasing and refined with SHELXL using Olex2 [4,5]. The equations of state (EOS) of the 
synthesised materials were obtained by fitting pressure-volume dependence data using EoSFit7-GUI 
software [6]. CSD 2005719-2005720 contain the supplementary crystallographic data for this paper. 
These data can be obtained free of charge from FIZ Karlsruhe via www.ccdc.cam.ac.uk/structures. 
First principles calculations of tr-BeN4 
The ab-initio calculations were performed using the projector-augmented-wave (PAW) method  [7] as 
implemented in the VASP code  [8–10]. The sampling for BZ integrations was performed using the 
Gamma scheme with 18×18×18 k-point grids. In the calculation of the Fermi surface denser k-points 
sampling, 31×31×31 was employed. The energy cutoff for the plane waves included in the expansion of 
wave functions was set to 800 eV. For calculation of exchange–correlation energy we used the Perdew-
Burke-Ernzerhof GGA (PBE)  [11] and optB88b-vdW  [12] methods with nonlocal contributions, where 
the van der Waals interactions are included and the exchange functional is optimized for the correlation 
part  [13]. The convergence criterion for the electronic subsystem was chosen to be equal to 10-4 eV for 
two subsequent iterations, and the ionic relaxation loop within the conjugated gradient method was 
stopped when forces became of the order of 10-3 eV/Å.  Finite displacement method was used to calculate 
the phonon dispersions of tr-BeN4 at 0 GPa with Phonopy [14]. Converged phonon dispersions were 
achieved using a (4 × 4 × 4) supercell with 320 atoms.  
 
Electronic properties of tr-BeN4 
Analysis of the electronic density of states of tr-BeN4 (Fig. S8) demonstrates that at high pressure the 
material is metallic and the main contribution to the DOS at the Fermi level comes from px electrons of 
nitrogen chains, forming π-system. Upon decompression the DOS becomes more localized, the electronic 
bands become narrower and small energy gaps and pseudogaps between states appear, including a 
pseudogap in the energy range from -6 to -5 eV due to the break of multicenter Be-N2-Be bonds. We can 
also observe the pronounced pseudogap at the Fermi energy due to the relaxation of the π-system. 
Topological data analysis of BeN4 charge density 
To elucidate the possibility of the synthesis of a single layer of BeN4 we investigated the nature of 
interlayer bonding of the layered tr-BeN4 considering the evolution of the charge density between the 
layers upon decompression. From Fig. 2 and Movie S1 one sees that the charge density between the layers 
decreases significantly with decreasing pressure, and at ambient pressure the charge density becomes 
almost zero. To quantify the pressure evolution of the charge density, we performed a topological data 
analysis  [15,16] of the valence charge density of tr-BeN4 at seven different pressure values, 83.6 GPa, 
40.5 GPa, 25.6 GPa, 17.8 GPa, 11.8 GPa, 6.8 GPa and 0 GPa. A 2x2x2 supercell was created from the 
unit cell. Merge tree based topological data analysis was done for the supercells at volumes corresponding 
to the above specified pressures with periodic boundary conditions. Let f:D→R be the charge density 
field. For a given charge density iso-value ρ, the super level set is defined as the set of all points p∈D with 
f(p)≥ρ. A merge tree tracks the changes in the topology of the super level set as the iso-value is decreased 
from high to low values. Thus, it captures the birth, merge and death events of the super level set 
components. The analysis allows us to identify exact iso values at which qualitative changes occur in the 
topology of the charge density and to classify the changes. Since we are using the valence charge density 
for our analysis, Be atoms that donate their valence electrons to the N atoms, become effectively invisible 
in the valence charge density plots. Thus, the analysis focuses on the behavior of charge density in 
associated with the N atoms.   
Let us consider an example of the merge tree constructed at zero pressure. It captured following significant 
events in the topology of the charge density iso surfaces when charge density value is decreased from high 
to low (see Fig. S10).  
1. The super-level set components are born at the maxima in the charge density (single point, Fig. 
S10a). These maxima are due to the high number of electrons that N atoms attract. If one would 
continue to lower the iso value, discrete iso surfaces form around N atoms (Fig. S10 b). 
2. These discrete iso surfaces merge at the saddle points in the charge density that correspond to 
critical values at N-N bonds (according to Bader’s definition  [17]) and eventually enclose N 
chains (Fig. S10c). 
3. The charge density enclosing N chains within the same BeN4 layer continue to grow, and 
eventually merge into one charge density layer (Fig. S10 d,e). 
4. All the charge density layers merge into a single connected component (Fig. S10f), meaning that 
we can no longer distinguish between different BeN4 layers by just looking at the charge density 
at the given iso value. 
Fig. S11a shows the obtained critical charge density iso values where super-level set components are born, 
while Fig. S11b shows the obtained critical charge density iso values where topological change in the 
connectivity of super level sets (points 3 and 4 above) happens. These values are plotted as a function of 
pressure so that one can observe the difference in topology of charge density as the pressure changes. 
Figure S11a shows that at synthesis pressure the distribution of charge is unequal between the N atoms 
with two different maxima meaning that one pair of N atoms getting a bit more electrons than the other 
pair, this of course can be an effect of the system being in a six coordination state and two N atoms interact 
with neighboring Be atoms from different layers and attract electrons from them. As the pressure decreases 
to ambient pressure the maxima for the different N atoms converge suggesting a uniform interaction with 
the electron giving Be atom and consequently better separation between BeN4 layers.   
Fig. S11b shows that the layer separation charge density iso value to decreases as the pressure decreases 
to ambient pressure, that is, the BeN4 layers are more strongly connected at synthesis pressure. In contrast, 
we observe an increase in the chain separation values with decreasing pressure, which suggests the 
strengthening of interactions between N chains within a layer at ambient pressure. Combined, we observe 
a stronger interaction within layers and weaker interaction between layers as the pressure is decreased. In 
fact, at 83.6 GPa, the chain separation and layer separation occur at similar values of the chare density, 
suggesting a somewhat uniform distribution of electrons at synthesis pressure and a more discreet 
distribution at ambient pressure. 
Van der Waals nature of interlayer bonding of layered tr-BeN4 and exfoliation energy at ambient pressure 
To elucidate the possibility of the synthesis of a single layer of BeN4 we investigated the nature of 
interlayer bonding of the layered tr-BeN4. First, we studied the importance of Van der Waals (VdW) 
interactions in calculations of the structural properties of BeN4. To do so we compare the results of 
theoretical calculations within VdW-optB88 functional that includes the interactions and semi-local PBE 
calculations. The results show excellent agreement between PBE, vdW and experimental results at high 
pressure (Fig. S4a). However, as one sees in Fig. S4a upon decompression the agreement of the results 
with vdW correction with experiment becomes increasingly better in comparison with the semi-local PBE 
calculations.  This provides additional argument that at ambient pressure we deal with a van der Waals 
material.  
Second, we calculated the exfoliation energy, the energy required to remove one atomic layer from the 
surface of the bulk material, as the difference in the ground-state energy between a slab of N atomic layers 
and  a slab of (N -1) atomic layers plus an atomic layer separated from the slab:  
𝐸𝐸𝑒𝑒𝑥𝑥𝑒𝑒 = −[𝐸𝐸𝑁𝑁−𝑙𝑙𝑙𝑙𝑦𝑦𝑒𝑒𝑙𝑙 𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠 − 𝐸𝐸(𝑁𝑁−1)−𝑙𝑙𝑙𝑙𝑦𝑦𝑒𝑒𝑙𝑙 𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠 − 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙𝑒𝑒 𝑙𝑙𝑙𝑙𝑦𝑦𝑒𝑒𝑙𝑙], 
where E - is the energy of supercells per surface atom. 
Two series of calculations with supercells N=10 and N=15 give Eexf = 79.8 meV/atom and 79.3 meV/atom, 
respectively. We find that the vdW results for the tr- BeN4 exfoliation energy are in the range of values 
corresponding to the experimental  [18,19] and theoretical  [20] results for the graphite exfoliation energy.  
First-principles calculations of single-layer BeN4 
Calculations were carried out using density functional theory (DFT) within the projected augmented wave 
method  [7] as implemented in the Vienna ab initio simulation package (VASP)  [9,10]. A generalized 
gradient approximation  [11] was employed to describe exchange-correlation effects. The kinetic energy 
cutoff was set to 400 eV and the BZ sampled by a (14×16) k-point mesh.  The vacuum thickness of 25 Å 
was used to avoid spurious interactions between the supercell periodic images in the direction 
perpendicular to the 2D plane. An energy window of at least 50 eV was used in the polarizability 
calculations. The construction of the Wannier functions and tight-binding parametrization of the DFT 
Hamiltonian was performed using the maximal localization procedure  [21] by means of the Wannier90 
code [22]. 
Minimal electronic model of BeN4 band structure 
In our model calculations, the electronic lattice is described by a slightly distorted honeycomb structure 
reminiscent of the graphene lattice. Each lattice site is located at the center of the N-N bond Fig. 3a, and 
is represented by a Wannier function in the form of a superposition of pz-like orbitals, |𝑤𝑤⟩ ≈ |𝑝𝑝z1⟩ − |𝑝𝑝z2⟩. 
The electronic properties of such effective lattice can be described by a tight-binding Hamiltonian 𝐻𝐻 =
∑ 𝑡𝑡𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖 𝑐𝑐𝑠𝑠
†𝑐𝑐𝑖𝑖, where 𝑡𝑡𝑠𝑠𝑖𝑖 is the hopping integral between lattice sites i and j, and 𝑐𝑐𝑠𝑠†�𝑐𝑐𝑖𝑖� is the creation 
(annihilation) operator of an electron at site i (j). The leading interaction terms correspond to the nearest- 
and next-nearest-neighbor terms with magnitudes t1=1.35 eV and t2=−0.49 eV, respectively. The 
difference in the hopping parameters is attributed to the lattice anisotropy. The constructed model 
accurately describes the electronic structure around the Fermi energy, as can be seen from Fig. 3(b).  
To provide further details, we assess the relevance of screening effects in single-layer BeN4. In the long-
wavelength limit, the dielectric function of a pristine 2D Dirac system in Random Phase Approximation 
(RPA) reads ε = 1 + π
2
α, where α = 𝑒𝑒
2
ℏ𝑣𝑣
 is an effective fine-structure constant  [23]. Note that lattice Quantum 
Monte Carlo simulations  [24] show that RPA results for the dielectric constant of massless Dirac fermions 
are pretty close to the exact ones. In anisotropic case we have the same expression but with 𝑣𝑣 = �𝑣𝑣𝑥𝑥𝑣𝑣𝑦𝑦  [25]. 
Substituting our calculated velocities, we obtain ε ≈ 8.  
Beyond the long-wavelength limit, the screening effects can be quantified by the strength of the effective 
Coulomb interaction defined in terms of the Hubbard model  [23]. Practically, it can be estimated within 
the constrained random phase approximation (cRPA)  [26]. The cRPA assumes static dielectric screening 
of the bare Coulomb interaction V(rij) between Wannier orbitals defined in terms of the tight-binding 
model by all high-energy states non included in the model: U(q)=[1−V(q)П(q)]V(q), where U(q) is the 
effective Coulomb interaction in q-space, and П(q) is the polarizability capturing relevant screening 
processes. Our estimate yields U0=5.3 eV for the on-site interaction, and U1=3.8 eV and U2=2.2 eV for 
the nearest- and next-nearest-neighbor interactions, respectively. The obtained interactions are up to two 
times smaller compared to graphene  [27]. At the same time, the half-bandwidth in single-layer BeN4 
(W=3.1 eV) is comparable to that in graphene (2.8 eV). The degree of the local electronic correlations can 
be estimated by the ratio U0/W. We arrive at the following upper limit U0/W ~ 1.7, which suggests that 
single-layer BeN4 is less correlated material compared to graphene. Particularly, pristine single-layer 
BeN4 is expected to be further away from the Mott metal-insulator transition, magnetic instabilities, and 
other exotic quantum effects  [28]. 
Massless Dirac particles with Coulomb interaction 
For massless Dirac particles with Coulomb interaction the Fermi velocity is renormalized by many-body 
corrections logarithmically divergent at 𝑘𝑘𝐹𝐹 → 0, 𝑘𝑘𝐹𝐹 is the Fermi wave vector  [23,29]. For the case of 













[𝐾𝐾(𝑚𝑚) − 𝑃𝑃(𝑚𝑚)]𝜉𝜉, 
where 𝜉𝜉 = ln 1
𝑘𝑘𝐹𝐹𝑙𝑙
, a is the lattice constant, 𝑚𝑚 = 1 − 𝑣𝑣𝑥𝑥
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is the full elliptic integral of the first kind,  













= −3.0𝜉𝜉. The difference in sign reflects the fact that 
renormalization tends to reduce the anisotropy of carrier velocities, in agreement with Ref.  [25]. Keeping 
in mind that  𝑘𝑘𝐹𝐹𝑎𝑎 ≫ 1 and 𝜉𝜉 ≳ 1, the obtained corrections turn out to be larger than the order of the calculated 
velocities. On the one hand, this result means that the first-order perturbative corrections are insufficient 
to correctly describe the velocity renormalization. On the other hand, this suggests an important role of 
the many-body effects in the physics of anisotropic Dirac fermions in single-layer BeN4. Anyway, the 
conclusion is that the many-body effects due to the long-range Coulomb interaction are much stronger in 





Figure S1. (a) Powder diffraction pattern of as-synthesised Be3N2 at 42 GPa (λ = 0.29 Å). (b) The crystal 
structure of α-Be3N2. Green and blue spheres represent the positions of Be and N atoms, respectively. The 
structure can be understood as a defect fluorite-type structure with distorted cubic closest packing of the 
nitrogen atoms, while the metal atoms occupy 75% of the tetrahedral holes in an ordered manner. The 
coordination pattern can be expressed as [𝑩𝑩𝑩𝑩𝟑𝟑
[𝟒𝟒]𝑵𝑵𝟐𝟐
[𝟔𝟔]]∝𝟑𝟑 , where the polyhedra around Be and around the 
nitrogen atoms are both distorted. (c) The pressure dependence of the unit cell volume of Be3N2. 
Experimental points are shown by circles. The solid curve is the fit of the experimental P-V data using the 
3rd order Birch-Murnaghan EOS with the following parameters: V0= 542.3(±1.3) Å3  𝑲𝑲𝟎𝟎 = 269(14) GPa, 
and 𝑲𝑲𝟎𝟎′  = 1.6(3). Errors in experimental data are within the symbol size. Green symbols and points show 
the calculated EoS of Be3N2 obtained within vdW-optB88 functional. (d) F-f plot of α-Be3N2 based on the 
experimental data.  
  
 
Figure S2. Crystal Structure of m-BeN4 at 98 GPa. The interconnected nitrogen atoms form 2D 
networks constructed of condensed corrugated N10 rings with all N atoms in tetrahedral coordination, 
while the Be atoms possess a distorted octahedral coordination (a) View along the [100] direction; (b) 
view along the [010] direction; (c) 10-member ring of N atoms with interatomic distances indicated in Å; 
(d) BeN6 coordination polyhedron. 
  
 
Figure S3. Comparison of the bonding within the polymeric nitrogen chains in a series of tetranitrides 
FeN4, BeN4 and MgN4. On the first glance, the connectivity within the nitrogen chains of BeN4 is similar 
to that in FeN4: The N1 atom has a trigonal–planar coordination, while N2 is tetrahedrally coordinated, 
suggesting sp2 and sp3 hybridization, respectively. Therefore, the nitrogen atoms should form catena-
poly[tetraz-1-ene-1,4-diyl] anions [–N–N–N=N–]2-∞. However, the N chains in BeN4 are much more 
planar than in FeN4 with N2N2N1N1 torsion angle of 17.1º vs 36º in FeN4.  BeN4 is in the intermediate 
situation between FeN4 and MgN4, [30,31] with the latter containing planar polyacetylene-like N chains 
with N2N2N1N1 angle of 0º. Polyacetylene-like chains with conjugated π-system and polytetrazene 
chains are isoelectronic with an ionic formula [N4]2-, however the polyacetylene chains are expected to be 
a more stable structural unit due to the stabilization by conjugation.  Nevertheless, significant polar 
covalent character of the Fe-N bonds imposes geometric constraints, that leads to the redistribution of 
electron density in the nitrogen chains and to the formation of distorted chains with alternating double and 
single bonds. Indeed, the electronegativity of metal decreases in the row Fe – Be – Mg suggesting that the 
latter should form ionic compounds with nitrogen. Calculated Bader charges on Be and Fe in BeN4 and 
FeN4 (+1.77 and +1.22 respectively) support more ionic character of BeN4. We therefore suggest that 
BeN4 contains unique N-chains that represent the intermediate state between polytetrazene and 
polyacetylene-type chains.  
  
 
Figure S4. (a-c) Calculated and experimental lattice parameters of tr-BeN4 as a function of pressure. (d) 
Pressure dependence of the d-spacing of the reflection (010) compared with the theoretical model. (e) 
Calculated d-d interplanar distance of tr-BeN4 as a function of pressure.  
  
 
Figure S5. Phonon dispersion relations calculated for tr-BeN4 at volumes 26.8 Å3 (a) and 43.05 Å3 (b), 
which correspond to pressures of P ~ 85 GPa and P ~ 0 GPa. 
  
 
Figure S6. Convex hull diagram for Be-N system at various pressures. The considered phases include 
experimental phases from this study (m-BeN4, tr-BeN4, α-Be3N2 ) and previously predicted or synthesized 
phases (α-N2 (0 GPa)  [32], ε-N2 (40 GPa) [33], cg-N (80 and 120 GPa) [34], P-1 BeN4 [35], BeN2  [36], 




Figure S7. (a) Powder diffraction pattern of decompressed sample #2 containing layered tr-BeN4 and α-
Be3N2. (b) Powder diffraction pattern of sample #2 at the synthesis pressure (88 GPa). Wavelength 0.2952 





Figure S8. Electronic band structure (a, b) and density of states (c, d) of tr-BeN4 at pressures P~85 GPa 
(a, c) and P~0 GPa (b, d), which correspond to volumes of 26.8 Å3  and 43.05 Å3, respectively . (e) The 
Fermi surface tr-BeN4 at volume 43.05 Å3 (pressure P~0 GPa) The position of the Dirac cone (D point) is 
calculated to be at (-0.37, -0.18, -0.12) in reciprocal coordinates. See Movie S2 for a close view of the 
anisotropy of the cone. 
 
 
Figure S9. (a, b) Calculated charge density map of tr- BeN4 at pressures P ~ 85 GPa and P ~ 0 GPa in the 
plane of the nitrogen chain. (c,d) Calculated electron localization function with isosurface value 0.8 (ELF) 
of tr-BeN4 at pressures P~85 GPa and P~0 GPa, which correspond to volumes of 26.8 Å3 and 43.05 Å3. 
Calculated electron localization function indicates strong covalent bonding between nitrogen atoms at 
high and ambient pressures. Besides, at P ~ 85 GPa we can see attractors localized near Be and N2 atoms 
corresponding to multicenter bonds, which allow beryllium to have six-fold coordination at such a 
compression. The bond between the Be and N1 atoms is two-center polar covalent. Upon decompression 





Figure S10. Topological data analysis of tr-BeN4 charge density at zero pressure. Merge tree is 
constructed by following evolution of the charge density representation as the iso value decreases from 
high to low values. The exact value of the charge density corresponding to topological changes of the 
obtained iso surfaces is captured by the merge tree analysis.  (a) High iso values give rise to an iso surface 
that appears first around the N atoms. (b) This surface grows as the iso value is lowered. (c) The first 
topological change occurs as the charge density iso surfaces merge into N chains. (d) As we continue to 
lower the iso value the iso surfaces keep expanding strictly within a BeN4 layer. (e) The second topological 
change is observed as the charge density iso surfaces surrounding the N chains grow large enough to 
merge and cover the entire BeN4 layer. Charge density value corresponding to this topological change will 
be referred to as chain separation. (f) Finally, the third topological change occurs when the iso value is so 
low that the iso surfaces covering individual BeN4 layers merge into one. Charge density value 
corresponding to this topological change will be referred to as layer separation. 
  
(a) (b) (c) 
(d) (e) (f) 
  
(a) (b) 
Figure S11. (a) The difference in the max value between two types of N atoms as a function of pressure. 
One can see that at synthesis pressure there is a clear difference between the two N atoms, while the atoms 
become similar at ambient pressure. (b) The critical charge density values corresponding to chain and 
layer separation (see Fig. S10 e and f, respectively) as a function of pressure. At low pressure, the values 
are far apart, which means that the charge density is significantly more localized within physical BeN4 
layers. On the contrary, at the synthesis pressure the chain and layer separation values of the charge density 
are close to each other, indicating a more uniform distribution of the charge density between BeN4 layers. 
  
Table S1. Summary of syntheses in Be-N system. 
 Reaction 
mixture 
Pressure, GPa* Temperature, K Products Detection 
method 
DAC # 1 Be + N2 41.8(5) 2100(200) α-Be3N2 PXRD 
DAC # 1 Be + N2 + Be3N2 60.5(5) > 3500(300) α-Be3N2 PXRD 
DAC # 2  Be + N2 84(4) 2020(200) P-1 BeN4 SCXRD 
DAC # 3  Be + N2 98(4) 2145(200) P21/c BeN4 SCXRD 
DAC # 4  Be + N2 93(4) 2000(200) P-1 BeN4 + P21/c 
BeN4 
SCXRD 
* In the experiments 2-4 pressure was determined based on the Equation of State of Re (Ref.  [39]). For the pressure 
determination, the diffraction pattern from the very edge of the rhenium gasket was measured. According to Anzellini et 
al. [39], such pressure determination method gives pressure with ~5% accuracy.  
  
Table S2. Crystal structure, data collection and refinement details of mBeN4 at 96.8 GPa 
Crystal data 
Chemical formula BeN4 
Mr 65.05 
Crystal system, space 
group 
Monoclinic, P21/c 
Temperature (K) 293 
Pressure (GPa) 96.8 
a, b, c (Å) 3.283(2), 3.2765(10), 4.8185(19) 
ß (°) 99.67 (6) 
V (Å3) 51.10 (4) 
Z 2 
Radiation type Synchrotron, λ= 0.34453 Å 
μ (mm-1) 0.10 
Crystal size (mm) 0.002 × 0.002 × 0.002 
Data collection 
Diffractometer APS 16IDB, Pilatus 1M detector 
Absorption correction Multi-scan  
CrysAlis PRO 1.171.40.45a (Rigaku Oxford Diffraction, 2019) Empirical 
absorption correction using spherical harmonics, implemented in SCALE3 
ABSPACK scaling algorithm. 
 Tmin, Tmax 0.442, 1.000 
No. of measured, 
independent and 
 observed [I > 2s(I)] 
reflections 
102, 60, 53   
Rint 0.024 
(sin θ/λ)max (Å-1) 0.732 
Refinement 
R[F2 > 2s(F2)], wR(F2), S 0.097, 0.229, 1.21 
No. of reflections 60 
No. of parameters 20 
Δρmax, Δ ρmin (e Å-3) 0.71, -0.63 
Crystal Structure 
 Wyckoff Site Coordinates (x, y, z) Uiso (Å2) 
Be 2d 0.5, -0.5, 0 0.018(4) 








 Table S3. Crystal structure, data collection and refinement details of trBeN4 at 84 GPa 
Crystal data 
Chemical formula BeN4 
Mr 65.05 
Crystal system, space 
group 
Triclinic, 𝑃𝑃1� 
Temperature (K) 293 
Pressure (GPa) 83.5 
a, b, c (Å) 2.4062 (8), 3.5119 (9), 3.5060 (14) 
α, β, γ (°) 104.29 (3), 111.39 (3), 96.71 (3) 
V (Å3) 26.02 (2) 
Z 1 
Radiation type Synchrotron, λ = 0.2885 Å 
µ (mm-1) 0.09 
Crystal size (mm) 0.002 × 0.002 × 0.002 
Data collection 
Diffractometer LH@P02.2 Perkin Elmer XRD 1921 
Absorption correction Multi-scan  
CrysAlis PRO 1.171.40.54a (Rigaku Oxford Diffraction, 2019) Empirical 
absorption correction using spherical harmonics, implemented in SCALE3 
ABSPACK scaling algorithm. 
 Tmin, Tmax 0.728, 1 
No. of measured, 
independent and 
 observed [I > 2σ(I)] 
reflections 
167, 107, 94   
Rint 0.032 
(sin θ/λ)max (Å-1) 1.041 
Refinement 
R[F2 > 2σ(F2)], wR(F2), S 0.074, 0.188, 1.17 
No. of reflections 107 
No. of parameters 10 
∆ρmax, ∆ρmin (e Å-3) 0.41, -0.48 
Crystal Structure 
 Wyckoff Site Coordinates (x, y, z) Uiso (Å2) 
Be 1d 0.5000 0.0000 0.0000 0.0085(8) 
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